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ABSTRACT 
The aim of this study is to establish the soil-water characteristic curve during 
drying by osmotic and vapour equilibrium techniques and to check the applicability of 
PEG tested using vapour equilibrium technique principle to establish soil-water 
characteristics curve without the use of membrane as in the osmotic technique. The 
establishment of more accurate wide range of suction become of the basic issue in the 
geotechnical engineering. This study focused on the compatibility of osmotic technique 
and vapour equilibrium technique in establishing suction-water content of soil water 
characteristics curves. In order to get more accurate and reliable results, taking a longer 
time to analyses the soil is much worth then get less accurate result in short time. This 
studies is conducted using M1X80 bentonite, Speswhite Kaolin, and Greek Bentonite as 
soil sample for osmotic technique and vapour equilibrium technique based on 5 suction 
range from 0.44 MPa to 8.17 MPa. The time equilibrium is plot in the beginning of the 
experiment to identify the end point of the experiment . The final water content of the 
soil sample is studied and suction-water content soil water characteristic curve is plotted 
based on 3 soil samples. The compatibility of the each soil sample based on osmotic 
technique and vapour equilibrium technique is checked and in fact it is not compatible 
with each other. It can be conclude that the PEG is not applicable in vapour equilibrium 
technique without the use of the membrane as in the osmotic technique. There is also 
fungi growth problems occurs when using PEG to applied suction in vapour equilibrium 
technique at suction lower than 1 MPa.
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CHAPTER 1 
INTRODUCTION 
1.1 BACKGROUND 
There are many applications of clays in engineering field. Clay can be classified in 
term of their basis mineralogy composition. The most used clay in industries is kaolin, 
smectite, hormites, and pyrophyllite. One of the application in engineering field is used as 
engineered barrier for municipal waste and industry waste such as heavy metal ion to 
prevent any pollution leak to the groundwater system (Rowe et al. 1995). One of the 
important properties of clay in engineering field is water retention properties. 
In geoenvironinental and geotechnical application, there are many types of method 
which can determine the suction of the natural and compacted soil. The establishment of 
more accurate wide range of suction become of the basic issue in the geotechnical 
engineering. Different types of method are used to determine the wide suction range of the 
soil. Example of experimental method to determine the suction is pressure plates, osmotic 
test, chill-mirror dew point psychrometer. By using vapour equilibrium technique and 
osmotic technique, suction-water content of soil water characteristic curves is established.
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This study focused on the compatibility of osmotic technique and vapour 
equilibrium technique in establishing suction-water content of soil water characteristics 
curves. For development of better analytical and design tools for reliable suction control for 
the unsaturated soils, many researcher has continue their research for better measurement 
technique. This study aimed on the compatibility issue of osmotic suction technique and 
vapour equilibrium technique in drying stress paths which can be seen in the soil water 
characteristics curve. In order to get more accurate and reliable results, taking a longer time 
to analyses the soil is much worth then get less accurate result in short time. 
Delage et al.( 1998) reported that the maximum applied suction can be apply in the 
osmotic technique using polyethylene glycol solution (PEG) is more than 10 MPa. The 
limitation of the osmotic technique is on the performance of the semi-permeable membrane 
used in osmotic technique. In the research of evaluation on the performance of three 
different semi-permeable membrane (Tarantino & Mongiovi, 2000), found out that when 
osmotic pressure of polyethylene solution exceeded a threshold value, all membrane facing 
chemical breakdown which allows the polyethylene glycol molecules to pass though the 
semi-permeable membrane to the soil specimen. This causing the concentration gradient to 
reduce and also reduction in soil suction. Hence, the performance of the semi-permeable 
membrane becoming the limiting factor to the osmotic technique. 
In order to perform this study, 3 types of soil are chosen. The types of soil used in 
this research are Speswhite kaolin, Greek bentonite, and MX80 bentonite. 2 types of 
experimental methods used to compare is osmotic method and vapour equilibrium method. 
The type of solution used in both method is polyethylene glycol 6000 and 20000. The 
suction range used for these 2 types of experimental method is between 0.4 MPa to 
8.9IMIPa. Depends on the suction that needs to apply on the soil samples, different 
molecular chain sizes polyethylene glycol is used. Polyethylene glycol 6000 is used to 
prepare for applied suction higher than 5 MPa while polyethylene glycol 20000 is used to 
Prepare for applied suction lower than 5 MPa.
3 
1.2 PROBLEM STATEMENT 
Problems arise using the semi-permeable membrane which causes the intrusion of 
polyethylene glycol to the soil specimen during osmotic test. Tripathy and Rees (2013) 
showed that PEG solution can generate different relative humidity and suction in a closed 
system. Thus, using PEG solution in VET may eliminate the needs of membrane. 
1.3 OBJECTIVE 
I. To establish the soil-water characteristic curve during drying by osmotic and vapour 
equilibrium techniques. 
2. To check the applicability of PEG tested using vapour equilibrium technique principle to 
establish soil-water characteristics curve without the use of membrane as in the osmotic 
technique. 
1.4 SCOPE OF STUDY 
1.MX80, Greek Bentonite and Speswhite Kaolin are the three clays considered in the study 
to establish the soil-water characteristics curve. 
2. Using two types of PEG 20k and PEG6k along with the semi-permeable membrane with 
MWCO 14k& 3.5k together to produce suction in the range of 1MPa to 8.91MPa. 
3. Establishing suction-water content soil-water characteristics curve using osmotic 
technique, vapour equilibrium technique and chill-mirror dew-point potentiameter (WP4C).
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1.5 THESIS LAYOUT 
This thesis consists of 5 chapters. Brief explanation of application of clay in 
engineering field and technique use in finding suction in clay is introduced in chapter 1 
introduction. Problem statement about the using the semi-permeable membrane which 
causes the intrusion of polyethylene glycol to the soil specimen during osmotic test. Hence, 
using using PEG solution in VET may eliminate the needs of membrane since showed that 
PEG solution can generate different relative humidity and suction in a closed system. 
In the chapter 2 literature reviews, it shows the details of application of clays in 
engineering field, type of clay, soil water interaction, soil suction, technique of applied 
suction on soil, technique on measuring suction, and soil water characteristic curve. 
Osmotic technique and vapour equilibrium technique is discussed in detail for the part of 
technique of applied suction on soil. 
The details of the material and chemical used in present study in discussed in details 
Chapter 3 (methodology). This chapter also includes the details on experimental procedure 
which include the study in osmotic technique and vapour equilibrium technique. 
In the Chapter 4 (result and discussion) presents the results from the osmotic 
technique and vapour equilibrium technique. The time equilibrium graph of osmotic 
technique and vapour equilibrium technique is presented first to show the experimental has 
been completed done and comparison between the time needed to complete the experiment 
is discussed. Suction-water content soil water characteristic curve is presented after the 
time equilibrium graph of osmotic technique and vapour equilibrium technique. The 
compatibility of both technique is discusses.
Final chapter (conclusion and discussion) in this thesis conclude the finding from 
this current studies. Recommendation is presented for the future studies in related field 
from the information in the present study.
CHAPTER 2 
LITERATURE REVIEW 
2.1 APPLICATION OF CLAYS 
Most application of clay can be found in industry branches (Konta 1995). Clay can 
be used to produce earthenware, stoneware and porcelain when using specific types of clays 
and firing condition. Many industries products such as bricks, cooking pots, pipes for 
smoking, art objects and dishware are shaped from the clay before fired in the furnace. For 
engineering field, clay is used to act as engineered barrier to store toxic waste and deep 
underground nuclear waste storage for the to prevent any toxic chemical from leak to the 
environment. (Rowe et al. 1995) 
Clay minerals which can be found in the river in suspension form are important 
adsorbents of toxic substances in solution. Example of clays is used to act as barrier to 
prevent the toxin chemical from leaking out to the environment is sodium and calcium 
bentonite. According to Hasenpatt et al. (1989), diffusion mechanism in clays in connection 
with the insulation of chemically contaminated waters One of the properties of the clay 
which can used as natural seals in the core of the dams and also acts as a soil barrier for the 
toxic or radioactive landfills is impermeable to water. This application has been used 
together with geotextile to get the best performance for sealing or act as the barrier in the
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landfills. The clays also can be used as removal of heavy metals from wastewater and air 
purification from the recent study. 
2.2 TYPE OF CLAY 
Kaolinite, illite, montmorillonite are the three main groups of clay. Kaolinite has the 
chemical name of Al 2Si2O5(OH)2
 and it is purest form of clay which mean that it only 
varies a little in composition. It has been used in ceramic industries for long time. Kaolinite 
can be easily molded into desired shape before fired in the furnace and have fine texture 
which forms smooth surface after fired in the furnace. 
Illite is also one of the common clay mostly found in the deep sea. They are formed 
by the weathering of potassium (K) and aluminum (AT) rich stone under the high pH 
condition in template climates or high attitudes in tropics and transported towards the sea 
by wind or river. Illite has a chemical formula of KAl2A1Si3010(OH)2 . Illite is a non-
expanding clays due to the potassium, calcium, or magnesium interlayer cations prevents 
the entrance of water into the clay structure. 
Montmorillonite has a general formula of (1i2Ca,Na) (Al,Mg,Fe)4(Si,Al) 8 020(OH)4. 
nH20. Montmorillonite is the main constituents of bentonite, derived by weathering of 
volcanic ash. It can bring disaster such as slope or wall failure if it is found during 
excavation of tunnel or road cut due to its expanding nature when contact with water.
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2.3 SOIL-WATER INTERACTION 
2.3.1 ADSORPTION OF WATER 
Adsorbed water is defined as the entire interfacial region between the oxygen or 
hydroxyl surface of the clay. (Martin, 2000). The importance of adsorbed water to soil 
engineering is immediately obvious when one realizes that adsorbed water includes 
virtually all water at any moisture content less than approximately the liquid limit. 
2.4 SOIL SUCTION 
Richard (1974) defined soil suction is water potential in soil-water system. Three 
components of suction that list by Richard (1974) in unsaturated soils is capillarity, 
adsorption of water on the surface of the clay minerals and osmotic phenomena. 
2.4.1 MATRIC SUCTION 
Matric suction is the equivalent suction derived from measurement of the partial 
pressure of the water vapour in equilibrium with the soil water, relative to the partial 
pressure of the water vapour in equilibrium with a solution with identical composition to 
that of the soil water (Leong et al., 2003). There is various type of apparatus that can 
measure the matric suction like tensiometer, null-type axis translation apparatus, moisture 
block, thermal conductivity sensor, filter paper (contact),and electrical conductivity sensor.
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2.4.2 OSMOTIC SUCTION 
Osmotic suction is the equivalent suction derived from measurement of the partial 
pressure of the water vapour in equilibrium with a solution with identical composition to 
that of the soil water, relative to the partial pressure of water vapour in equilibrium with 
free pure water (Leong et al., 2003).The only one available in market to measure osmotic 
suction is pore fluid squeezer. 
2.5 TECHNIQUE OF APPLIED SUCTION ON SOIL 
2.5.1 METHOD OF SUCTION 
Researchers are using different method of controlling suction when identifying the 
mechanical properties and hydraulics properties of unsaturated soils using a range of 
suctions. One of the popular techniques to understand the properties of the unsaturated soil 
is using axis-translation technique (Fredlund and Rahardjo 1993) using the range of suction 
between 0 and 1500 kPa. Other alternating method of controlling suction that is available is 
osmotic technique and vapour equilibrium technique. 
2.5.2 AXIS TRANSLATION TECHNIQUE 
Axis translation technique was applied to the geotechnical engineering by Bishop 
and Donald (1961) using controlled suction triaxial apparatus is still used by the researcher 
to test the mechanical and hydraulic properties of the unsaturated soils. The range of 
suction can be applied using axis-translation method is between 0-500 kPa. Normally this
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method is used to apply minimum suction of 100 kPa to avoid any problems related to 
cavitation inside the soil sample. (Richards 1931: Hilf 1956) The figure 2.1 below shows 
the diagram of axis-translation equipment provided by Power (2005). 
Iv.... 
:	
•	 ... 
Figure 2.lAxis-translation equipment (Power, 2005) 
There are some limitations when using axis translation method. In axis translation 
method, air pressure is used to apply on the soil samples. Normally, the applied air pressure 
is higher than the atmospheric pressure and the pore water pressure. This increment of 
pressure does not show the actual applied pressure on field for the unsaturated soils. 
2.5.3 OSMOTIC TECHNIQUE 
Osmotic technique has been used as one of the alternating method in testing 
unsaturated soils to control matrix suction due to the limitation of the axis-translation 
technique. Delage et al.( 1998) state that this technique originally developed by biologists 
(Lagerwerff et al., 1961) according to the Advanced Unsaturated Soil Mechanics and
11 
Engineering written by Ng and Menzies (2007). Soil scientists (William and Shaykewish, 
1969) adopted this osmotic technique to test the behavior of unsaturated soil and then 
follow by other geotechnical researchers (Kassiff and Ben Shalom, 1971; Komornik et al., 
1980; Cui and Delage, 1996; Ng et al., 2007). Kasiff and Ben Shalom (1971) used osmotic 
technique by submerge the soil sample which is inside semi-permeable membrane into 
polyethylene glycol (PEG) and circulated using a burette connected to the base and the 
piston of the oedometer. 
In osmotic technique, the specimen and osmotic solution are separated by a semi-
permeable membrane. Zur (1996) reported that the semi-permeable membrane only allows 
water molecules and ions to pass through the membrane but block the movement of large 
solutes molecules such as soil molecules. The suction in the specimen is lower than the 
suction in the PEG solution. In order to reach equilibrium, water molecule is moving 
through the semi-permeable membrane from the specimen to the osmotic solution. When it 
reached equilibrium state, both sides has the same amounts of water and soil salts. 
2.5.3.1 POLYETHYLENE GLYCOL 
The most commonly used solute in biological, agricultural and geotechnical testing 
is polyethylene glycol (PEG) due to its safety and simplicity (Ng, 2007). In geotechnical 
engineering applications, PEG 20 000 and PEG 6000 are commonly used (Delage et al., 
1998). According to the Delage and Cui (2008), polyethylene glycol is a polymer which 
consisting of large molecules HO-[CH2-CH2
-0]-H.The length of the chain is affected by 
the value of n which will affect the changes of the molecular weight of the PEG. 
Polyethylene glycol (PEG) 6000 is soluble in water and waxy solid. It is widely used in the 
many industries such as rubber, textile, paper, metal, wood, pharmaceutical, cosmetics, and 
coating. Polyethylene glycol has the characteristics of high boiling point, highly 
compactible to various kinds of the organic compounds, controllable hygroscopic property,
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less toxicity compared to other organic compounds. The osmotic suction in the PEG 
solution is known by the concentration of PEG. According to Delage (1998), he reported 
that the maximum value of PEG solution is to be above 10 MIPa. 
2.53.2 SEMI-PERMEABLE MEMBRANE 
According to Delage and Cui, natural cellulose reconstructed from cotton fibres is 
used to manufactures most commonly semi-permeable membrane. The permeability of the 
semi-permeable membrane is depends on their molecular weight cut off in order to fit with 
the different sizes of the polyethylene glycol. Molecular weight cut off 3500 semi 
permeable have a mean pore diameter of approximately 2.4nm according to the paper 
written by Williams and Shaykewich (1969). Higher molecular weight cut off membrane 
has greater pore sizes and high coefficient of permissibility. Beside conventional cellulose 
membrane can be used in the osmotic test, there are also other alternating semi-permeable 
such as polyester sulphonated synthetic membrane which is originally suggested by Slatter 
et al. (2000a) and Monroy et al. (2007). 
One of serious issue in using cellulotic semi-permeable membrane is low resistance 
to the mechanical shearing and bacteria attack and this may cause the membrane to lose its 
function as semi-permeable membrane which only allows the passing of water molecules 
through the membrane, thus allowing the polyethylene glycol to entering the sample.
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2.5.4. VAPOUR EQUILIBRIUM TECHNIQUE 
Vapour equilibrium technique is one of alternating technique which can be used to 
testing unsaturated soils. According to the thermodynamic definition stated by Ng and 
Menzies (2007), relative humidity of the atmosphere surrounding the soil must be control 
in order to impose total suction on unsaturated soils. According to the research done by 
previous researcher ( Esteban and Saez, 1998; Oteo-Mazo et al., 1995; Delage et al., 1998; 
Al-Mukhtar et al., 1999), humidity can be manipulate by using aqueous solutions or mixing 
vapour-saturated gases with dry gas using a feedback system (Kunhel and van der Gaast, 
1993).
The first application to geotechnical testing of vapour equilibrium technique was by 
Esteban and Saez (1998). Soils scientist originally refined vapour equilibrium control with 
solution (Delage et al., 1998). The combine effect of high suction and stress on mechanical 
properties on different types of expansive soils was study using the vapour equilibrium 
technique (Oteo-Mazo etal., 1995; Al-Mukhtar etal., 1999; Lloret etal., 2003). 
Figure 2.2 shows the schematic diagram showing on imposing suction to three soil 
samples that contained in a desiccator using vapour equilibrium technique with solutions. 
An aqueous solution of any solution is put under the desiccator and the soil specimens are 
put on the porous disk over the solutions (Tang et al.1998). The process of exchanging 
water molecule between the liquid and vapour phases in the desiccator until the equilibrium 
between two phases is achieved. The range of suction can be applied using vapour 
equilibrium technique is from 3 MIPa to 1000 MPa depend on the type of salt solution used 
(Tessier 1984; Romero 1999; Delage and Cui 2000; Villar 2000).
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Figure 2.2 Vapour Equilibrium Technique, 1) Soil sample, 2) Desiccator,3) Glass 
cup, 4) Support, 5)Over saturated salt solution. (Tang & Cui, 2005) 
2.6 MEASURING SUCTION 
2.6.1 CHILL-MIRROR HYGROMETER 
Figure 2.3 shows the chill mirror hygrometer that is used to measure the suction of 
the polyethylene glycol (PEG) using the dew point technique. The polyethylene sample is 
filled about half of the capacity of the container and make sure the temperature reading 
difference is not higher than the device. The device detects the changes of first point when 
the first condensation happens on the mirror which the mirror temperature is controlled by 
the thermoelectric (Peltier) cooler. The photodetector cell senses the light that is reflected 
by the beam of the light directed onto the mirror and into the photodetector cell. The 
equilibrium time can be reduced by equipped with an internal fan to circulate air inside the 
sample chamber in the device. Temperature controller is used to set the temperature of the 
sample in order to measure the relative humidity. The device has the sensitivity of to detect 
the change of relative humidity to an accuracy of ±0.1%.
Far 
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Figure 2.3 Schematic of chilled-mirror dew-point device (Leong, Tripathy, & 
Rahardjo, 2003). 
•	 WP4C t I / \
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Figure 2.4Chill-mirror dew-point potentiometer (WP4C)
/ 
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2.6.2 BRIX P41)EX 
Brix is measured primarily by gravimetric method like the hydrometer, the 
Westphal balance and the Pycnometer (Dongarea et al., 2013). Refractometer optically 
measures the density of a liquid and further calibrated in terms of refractive index. 
Refractive index is a fundamental and important characteristic of substance (Vishnyakov et 
al., 2005). For the high precision measurement, optical instruments aroused. There are 
many types of refractometer available which are based on either refraction or critical 
reflection of light. Refractive index measurement that based on critical angle is more 
suitable because it is neither affected by suspended solids or by colour of solution. Hence 
refractometer is used as a convenient measure and for refractive index as well as Brix and 
can be used in quality control In practice, the PEG concentration was controlled by Brix 
index (Delage et al., 1998) using a refractometer. The principle of refractormeter is shown 
on Figure 2.5.
Figure 2.5 Refractometer principles (Dongarea et al., 2013).
tat 
Figure 2.6 Atago Master 50-H hand refractormeter 
2.7 SOIL-WATER CHARACTERISTICS CURVES 
Soil—water characteristic curve (SWCC) is a graphical relationship that shows the 
relationship between the amount of water in a soil (i.e. gravimetric water content w, 
volumetric water content B or degree of saturation Sr (Fredlund and Rahardjo, 1993)) and 
matric suction V. As introduced by Fredlund (2006). They are divided into three zones such 
as boundary effect zone, transition zone and residual zone.
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